We present a fully quantum-electrodynamical formalism suitable to evaluate the spontaneous emission rate and pattern from a dipole embedded in a non-absorbing and lossless multilayer dielectric structure. In the model here developed the electromagnetic field is quantized by a proper choice of a complete and orthonormal set of classical spatial modes, which consists of guided and radiative (partially and fully) states. In particular, by choosing a set of radiative states characterized by a single outgoing component, we get rid of the problem related to the quantum interference between different outgoing modes, which arises when the standard radiative basis is used to calculate spontaneous emission patterns. After the derivation of the local density of states, the analytical expressions for the emission rates are obtained within the framework of perturbation theory. First we apply our model to realistic Silicon-based structures such as a single Silicon/air interface and a Silicon waveguide in both the symmetric and asymmetric configurations. Then, we focus on the analysis of the spontaneous emission process in a silicon-on-insulator (SOI) Slot waveguide (a 6 layers model structure) doped with Er 3+ ions (emitting at the telecom wavelength).
I. INTRODUCTION
It is well known that the environment surrounding an excited atom affects its rate of spontaneous emission (SE): enhanced SE in a resonant cavity was first predicted in the pioneering work by Purcell [1] and, later on, an inhibited SE in a small cavity was shown by Kleppner [2] . Such an effect can be explained either by classical electromagnetism, in terms of a self-driven dipole due to the reflected field at the dipole position, or in the framework of quantum electrodynamics, as emission stimulated by zero-point fluctuations of the electromagnetic field. As long as the coupling between the atom and the field is weak, both descriptions yield the same results [3] . In such a weak coupling regime, the SE rate can be calculated within first order perturbation theory by applying the Fermi's Golden Rule, and is proportional to the local coupling of the atomic dipole moment to the allowed photon modes, i.e. to the local density of states (LDoS) [4, 5] . The modifications in the electromagnetic boundary conditions induced by the surrounding material alter the density of states as well as the SE rate: when the LDoS vanishes, then the SE process is inhibited, while, when an increase in the density of states occurs, the rate of SE can be enhanced over the free space value.
A large amount of work, both theoretical and experimental, has been devoted to the analysis of the SE from emitters (such as atoms, molecules or electron-hole pairs) embedded in dielectric environments of varying complexity. In an homogeneous medium with dielectric constant ε, it has been shown by Glauber [6] that the SE rate relative to the free space value, is enhanced when ε > 1 and reduced for ε < 1, as it has been demonstrated also experimentally by Yablonovitch [7] . In spite of, or rather, thanks to its relative simplicity, the single interface has been subject of a constant research [8, 9, 10, 11, 12, 13, 14, 15, 16, 17] which still goes on, since it is the ideal system where experimental and theoretical analysis can be performed in order to get the basic understanding necessary to investigate more complex structures. The double interface has also been widely studied, especially as a waveguide slab, i.e., an high-index core surrounded by low-index cladding layers, with both a quantum electrodynamical [18, 19, 20, 21, 22] and classical [23] approach. In systems characterized by more than two interfaces, both the technology and the theory needed become more demanding, but the expected effects turn out to be also more interesting. For instance, among multiple dielectric layers structures, planar microcavities have been subject of intense research in last years [24, 25, 26, 27] , due to their ability to considerably affect the density of states and thus strongly modify the emission into a particular mode, which is of crucial importance for the development of light emitting devices.
In this work we study the SE rate in a non-dispersive and lossless multilayer dielectric structure by applying a fully quantum electrodynamical formalism. With respect to previous published works, which generally deal with a specific dielectric structure, our main aim is to develop a model suitable for more than one configuration, thus taking into account all the possible modes (and the related SE rates) which can be excited in the examined structure. While our discussion tackles the problem of the spontaneous emission from a theoretical point of view, the results derived can provide a useful quantitative insight into the modifications of the atomic radiative processes which occur in realistic structures. As an example, we apply our method to evaluate the SE rate in silicon-based optical waveguides, which nowadays can be tailored according to different geometries, from simple waveguides (three-layers geometry) to multilayers-like configurations. These structures are characterized by a high index contrast and are able to confine and guide the light very efficiently in nanometer-size spatial regions as a result of total internal reflection. The waveguiding and confining properties, together with the low propagation losses (typical of Silicon) and the good compatibility with complementary metal oxide semiconductor technology, make them very attractive for the future development of highly integrated multifunctional optoelectronic and photonic devices (see e.g., Refs. [28, 29, 30] ). Furthermore, with an embedded optically active layer, these structures can also be exploited as silicon-based optical sources. With this purpose, one of the most promising configurations recently proposed is the Slot waveguide [31, 32] : this system consists of a thin (few nanometers thick) layer (slot) of low-index material bounded by two high-index material regions (typically Silicon), which are the core of an optical waveguide; the high-index contrast interfaces at the slot are able to concentrate the electromagnetic field in very narrow spatial regions ( λ), thus leading to an enhancement in the radiation-matter interaction. A theoretical investigation [33] of the emission properties of a slot waveguide doped with Erbium ions and embedded in optoelectronic devices, as well as the experimental evidence [34] of an enhanced light-matter coupling, have been already presented, but a full quantum mechanical analysis of the spontaneous emission processes in this kind of structures is still lacking. Here, we face this problem by applying the developed formalism to evaluate the SE rate of a dipole embedded first in a single Silicon/air interface, then in both a symmetric (high-index contrast) and an asymmetric Silicon waveguide, and finally in a Slot waveguide.
In order to build up a quantum electrodynamical theory of the SE process, the electromagnetic field must be first decomposed into the normal modes supported by dielectric structure under consideration. This is needed in order to set up a second quantized form of the electromagnetic field, and then to express the local density of states and SE rate by application of Fermi's Golden Rule. The LDoS can be also derived within a quantum electrodynamic and Green's function formalism as often done in the literature, using either a scalar or a dyadic Green's function, see e.g. Refs. [10, 11, 35, 36] . In a generic multilayer structure, the normal set of modes, i.e., a complete and orthonormal set of solutions of Maxwell equations for the considered structure, is well known [37] and consists of a continuous spectrum of radiative modes and a discrete one composed of guided modes, defined for both transverse electric (TE) and transverse magnetic (TM) polarizations [38] . Guided modes are trapped by the highest refractive index layer (if any), and are evanescent in both half spaces -the lower and upper cladding -surrounding the multilayer structure. Radiative modes can be either fully or partially radiative. The former, similar to free space modes, extend over the whole space and propagate out of the dielectric structure from both cladding layers as outgoing plane waves, while partially radiative modes propagate from the cladding layer with higher refractive index only, being evanescent (due to total internal reflection) along the lower refractive index cladding. The modes, found as the elementary solutions of Maxwell equations with proper boundary conditions, have more than one representation, since one needs to characterize the asymptotic behavior of the radiative states, such a characterization being not unique. The standard set of radiative modes, originally introduced by Carniglia and Mandel [39] , and which is generally applied to describe the interaction of a radiating system with the electromagnetic field in a dielectric structure, is not very convenient for SE analysis though. In this paper, we chose to apply a set of radiative modes characterized by a single outgoing component only. Such a choice leads to a simple definition of the LDoS for radiative states, avoiding the difficulties related to the treatment of the interference between different outgoing modes (see Refs. [40, 41] ), which arise when the standard set of radiative modes based on the triplet incident-reflected-transmitted waves is used. Furthermore, the emission rates in the lower and upper half-spaces of a generic multilayer structures -or, in general, the SE patterns -can be easily calculated.
The paper is organized as follows. In Sec. II the field modes supported by multilayer dielectric structure are listed and described. We show that the basis of radiative states which has been used for the quantization of the electromagnetic field in the considered dielectric structure, can be obtained from the standard set of radiative modes by a Time-Reversal transformation. In Sec. III we perform a standard quantization of the electromagnetic field, and in Sec. IV a second quantized form for the atom-field interaction term of the whole system Hamiltonian is set up and then used (in the electric dipole approximation) to derive the expressions of the LDoS and the SE rate as a function of the dipole position. In Sec. V the spatial dependence of the SE rate will be examined for several structures of interest. A short summary of the results is given in Sec. VI.
II. SYSTEM AND FIELD MODES
The system we are investigating is depicted in Fig. 1 : it is made up of M dielectric layers (stack) which are parallel to the xy plane and assumed to be infinite along the x and y directions. Each layer is d j (j = 1, ..., M) thick and the surrounding media, i.e., the lower (layer 0) and the upper (layer M+1) claddings, are taken to be semi-infinite. Each of the M + 2 media is supposed to be lossless, isotropic, and homogeneous along the vertical (z) direction. Hence, the dielectric constant ε(r) = ε(ρ, z) is a piecewise constant function in the z direction and it will be denoted as ε j = ε j (z) in each of the M + 2 dielectric media.
In order to develop a quantum theory for the spontaneous emission of a dipole embedded in such a dielectric structure, the classical electromagnetic modes, which are needed in the expansion of the electromagnetic field operators (see Sec. III), must be first specified. The modes are found as the solutions of the following eigenvalue problem
which results from the homogenous Maxwell equations for the electric and magnetic fields E, H having harmonic time dependence exp(−iωt), and with the condition ∇ · H = 0 being fulfilled. The set of these fundamental modes is complete and orthonormal, the orthonormality condition being expressed by
The electric field eigenmodes, which can be obtained from E(r) = i c ωε(r)
∇ × H(r), are also orthonormal according to the following condition [39] :
Since the whole system is homogenous in the xy plane the field modes will be factorized
propagation vector.
In a lossless multilayer dielectric structure, the complete set of orthonormal modes consists of an infinite number of radiative modes and a finite number of guided modes. The standard choice for radiative modes [see Fig. 2 (a)] assumes one incident wave incoming towards the stack of M layers either from the lower or from the upper cladding, and two outgoing waves, one being reflected (on the same side of the incoming one) from the stack and the other being transmitted (on the opposite side) across it. This set of modes, originally introduced by Carniglia and Mandel [39] for the quantization of the electromagnetic field in a dielectric interface, is orthonormal and complete [42] and it has been widely employed to characterize the radiative states in structures like dielectric waveguides [18, 21] and planar dielectric microcavities [25, 35] .
Such a choice, however, is not the most convenient when dealing with radiation emission analysis. As shown in Fig. 2(a) , both the reflected and the transmitted components (the pairs {r l , t u } and {r u , t l }), which belong to two different modes, contribute to the total emission in a given direction. As pointed out by Zakowicz [40] , the computation of the radiative density of states turns out to be problematic since the quantum interference between the two different outgoing modes has to be explicitly taken into account. Thus, interference terms must be considered when emission in either the upper or the lower layer is evaluated.
As shown in the reply by Glauber and Lewenstein [41] , interference effects cancel out only when the emission in the upper cladding layer ({r u , t l }) and in the lower one ({r l , t u }) are and {W M+1 , W 0 , X M+1 } are the TR counterparts of the triplets {i l , r l , t l } and {i u , r u , t u }, respectively. Furthermore, since the algebraic properties are invariant under Time-Reversal operations, also the new set of radiative states is orthonormal and complete. The following rule for the Time-Reversal operation over a generic spatial mode ∝ e iqz propagating along the z-direction with wavevector q, can be established:
The transformation rule Eq. (5) applies to both fully and partially radiative modes: outgoing modes towards positive (negative) z being ∝ e iqz (∝ e −iqz ), specified by the real wavevector q, keep the plane-wave-like character, turning into outgoing modes towards negative (pos-
The evanescent modes ∝ e −κ|z| , characterized by the imaginary wavevector q = iκ, keep the exponentially decaying profile after the transformation Eq. (5).
A mode decomposition characterized by a single outgoing component, like the one here described, has been already used to specify the radiative modes in dielectric interfaces [13, 16] as well as in slab waveguides [19] . It has also been used in the formally similar problem of diffraction losses in photonic crystal waveguides [43] . Here, we extend its application within a quantum electrodynamical theory suitable to the analysis of radiation emission in generic multilayer structures.
In the following a detailed description of both guided and radiative profiles is given.
A. Radiative modes
As previously introduced, the set of radiative states consists of a single outgoing component propagating outward from the whole structure and two other waves propagating towards it. In each of the M layers the field is a superposition of two modes propagating in opposite directions (with respect to the z-direction). The modes are specified and labeled by the propagation wavevector k = (k , q), where the z-component q in each of the M+2 media, is given by
Let us denote byε k =ẑ ×k the unit vector which is orthogonal to both k = k k and z and set
With the implicit time dependence e −iωt , the field profiles for TE polarization are given by
where V is a normalization box-volume which disappears in the final results. The expressions for the amplitudes E TE , H TE ⊥ and H TE as well as the method used to obtain them are detailed in Appendix A.
For TM-polarized radiative modes the field profiles are given by:
where
and E TM are given in Appendix A.
B. Guided modes
In order for the whole dielectric structure to support a set of guided modes, (at least) one of the dielectric constant ε j (j = 1, ..., M) of the M inner layers has to fulfill the constraint
The guided modes, which are in-plane propagating and evanescent along the z direction, are labeled by the in-plane wavevector k = k k and the mode index α [α ≥ 1 if Eq. (11) holds] in a joint single index µ = (k , α). By q j µ we denote the z-component of the guided mode wavevector,
where ω µ = ω k α is the frequency of the α-th guided mode. In the upper (j = M + 1)
and lower (j = 0) claddings q j µ is purely imaginary, q j µ = iχ j µ where χ j µ = k 2 − ε j ω 2 µ c 2 , and hence the mode field ∝ exp(±iq j µ z) decays exponentially along the z direction. In the following we give their explicit form, which results from a generalization of the standard waveguide field modes (see e.g. Refs. [43, 44] ).
The guided modes for TE polarization are given by:
where S is a normalization surface which cancels in the final results, and E TE , H TE ⊥ and H TE are given in Appendix B. For TM polarization, the guided modes have the following field profiles:
and E TM are given in Appendix B.
III. FIELD QUANTIZATION
In this Section the canonical quantization of the electromagnetic field in a non-uniform isotropic dielectric medium described by a piecewise constant permeability ε(r) is performed [6, 45, 46] . The electric displacement vector and the magnetic induction (a unit magnetic permeability is assumed) are simply given by the relations
The starting point is the quantization of the vector potential A which is defined by the familiar relations
We use here the generalized Coulomb gauge [6] defined, in absence of external charges, by the choice Φ = 0 and the relation
which automatically satisfies the transversality condition on D,
and is consistent with the equation of motion for the vector potential A
In order to obtain a second-quantized Hamiltonian for the free photon field, we first introduce the classical Hamiltonian function H em , i.e. the total electromagnetic energy,
where V is a quantization volume, Π = ε(r)Ȧ(r, t)/c 2 is the canonical momentum, and
dr is the Lagrangian function from which Eq. (21) follows after
Hamilton's principle. The vector field operatorÂ is then expanded in normal modes:
whereâ † kn (â kn ) are Bose creation (destruction) operators of field quanta with energies ω kn satisfying the usual commutation relations
n being a generic index labeling the corresponding eigenmode characterized by the wavevec-
From Eq. (25) the following orthonormality conditions [6, 39, 45] for the electric and magnetic fields follow:
Finally, from Eqs. (22) and (23), one gets the well known second-quantized form for the free
IV. EMISSION RATES
In this Section the spontaneous transition rate of an excited atom embedded in a nonuniform dielectric medium is calculated. We suppose that the atom, located at position z and initially in the excited state |x (having energy ω x ) undergoes a spontaneous dipole transition to its ground state |g (having energy ω g ) thereby emitting a photon of energy
Hamiltonian of such a system can be written aŝ
whereĤ γ is the free-field Hamiltonian given by Eq. (28),Ĥ A is the free-atom Hamiltonian,
andĤ γ−A is the atom-field interaction term which, in the electric dipole approximation and near the atomic resonance ω ≈ ω 0 , reads [47] aŝ
whereσ − = |g x| andσ + = |x g| are the atomic down-and atomic up-transition operators, respectively, and d = d xg = x|d|g = |d|ε d is the dipole matrix element,d = er being the atomic dipole operator of the atom located at r. The electric field operatorÊ(r) can be obtained from the vector potential operatorÂ through Eqs. (18) and (23),
We assume that the interaction between the excited two-level system and the electromagnetic field in the dielectric medium is not too strong, so that the transition between two states can be studied within the framework of perturbation theory. Let us then consider the initial |i and the final |f states of the combined atom-radiation system: initially there are no photons and the atom is in the upper (excited) level, |i = |0 ⊗ |x ; in the final state one photon is emitted in any mode of the electromagnetic field of frequency ω kn and the atom is in the lower (ground) level, |f = |1 kn ⊗ |g . According to Fermi's Golden Rule (see e.g.
Ref. [48] ) the spontaneous emission rate Γ = Γ(r) of an atom located at position r is
where ω i and ω f are th energies of the initial and final state, respectively. By insertion of Eq. (32) in the above expression, and using the commutation rules forâ kn andâ † kn , the spontaneous decay rate finally reads
By taking into account the i-th cartesian component E i kn of the eigenmode E kn (r), the contribution Γ i to the total emission rate can be written as
where J i (ω 0 , r) is the i-th contribution to the local density of states (LDOS) [4, 5] J(ω 0 , r):
In a multilayer dielectric structure, an excited dipole can decay either as a radiative or a guided eigenmode. As discussed in Sec. II A, the radiative modes are specified by the propagation vector ( Sec. II B. Furthermore, since the dielectric function ε(r) = ε(z) = ε j is homogenous in each layer, the spontaneous emission rate will be expressed as a function of the z coordinate only.
For both decay channels (radiative and guided) two contributions to the total emission rate can be distinguished: (i) the emission rate Γ due to the decay of horizontal dipoles, i.e.
in-plane oriented dipoles (ε d =x orε d =ŷ), which couple to both TE-and TM-polarized fields, (ii) the rate Γ ⊥ due to the decay of vertical dipoles (ε d =ẑ) which interact with TM-polarized modes only. For randomly oriented dipoles, the total averaged emission rate can thus be written as Γ = 2 3 Γ + 1 3 Γ ⊥ . In the rest of this Section we derive the exact expressions for the emission rates into both radiative and guided modes.
A. Emission rates into radiative modes
For each propagation wavevector k = (k , q) the frequency
1/2 of the radiative modes has to satisfy the relation
where ε j = ε 0 (ε M+1 ) if the emission occurs in the lower (upper) cladding. With ω kn = ω γ in Eq. (34), the emission rate into the radiative modes Γ = Γ(z) is thus given by
where the TE-and TM-polarized fields E TE k (ρ, z) and E TM k (ρ, z) are given by Eq. (7) and (10), respectively. It is convenient to re-write the emission rate as a function of the LDoS for radiative states J rad (ω 0 , z) according to
whith
and ρ j (k , ω) being the one-dimensional (1D) photon DoS at a fixed in-plane wavevector k , for radiative modes outgoing in the medium j: From Eqs. (39)- (41), and after the introduction of spherical coordinates in the (k , q)
the single contributions to the total emission rate Γ(z) due to the decay of horizontal and vertical dipoles are easily obtained:
where the field amplitudes E TE , E TM and E TM ⊥ are given by Eqs. (A1), (A6) and (A5), respectively.
B. Emission rates into guided modes
According to Eq. (34), the spontaneous emission rate for the decay into guided modes having frequency ω k α is given by
where the fields E TE k (ρ, z) and E TM k (ρ, z) are given by Eq. (13) and Eq. (16), respectively, the sum extends over all the α guided modes, and the 2D LDoS J gui (ω 0 , z) is given by
The emission rates Γ TE , Γ TM and Γ TM ⊥ can be easily obtained after integration over k of Eq. (46):
where E TE , E TM and E of the whole dielectric structure, T being the total transfer matrix.
V. APPLICATIONS
In this Section we apply the formalism previously developed in order to investigate the SE process in realistic multilayer structures. As a typical high-index dielectric material, we take Silicon (n Si =3.48). After the analysis of a single Silicon/air interface, we will examine and compare the emission and confinement properties of different Silicon waveguides, namely a standard waveguide slab consisting of a Silicon core surrounded by two cladding layers with the same refractive index (symmetric configuration) or different ones (asymmetric configuration) and the silicon-on-insulator Slot waveguide. The SE rate has been evaluated for dipoles emitting at λ 0 = ω 0 /c = 1.55 µm which is the typical emission wavelength of Erbium ions (Er 3+ ) often used as the active layer of Silicon-based light sources (see e.g. the review paper by Kenyon [49] ). All the rates shown have been normalized with respect to the vacuum emission rate Γ = Γ 0 = (4|d| 2 ω contribute to the total energy flux and it is hidden in standard far field experiments) turns out to be relevant in radiation emission analysis, since it strongly affects the radiative lifetime τ = 1/Γ in the vicinity of the interface boundary. Moreover, for vertical dipoles in a generic dielectric/air interface, one can analytically work out that, in the limit of a very large refractive index n 1, the emission into partially radiative modes (which is the dominant one) at the discontinuous boundary, is given by Γ(z → 0 − )/Γ 0 = 1/n 3 and Γ(z → 0 + ) = n, in agreement with an earlier work by Loudon [12, 50] .
The contributions to the total SE rate corresponding to light emitted either in the lower or in the upper layer are shown in Fig. 4 as a function of the dipole position. It is worth to notice that, within our model, these quantities are straightforwardly obtained by selecting the single outgoing radiative mode (see Fig. 2 in Sec. II), through the index-layer j = 0 (emission into the lower cladding) or j = M + 1 (emission into the upper cladding) in Eq. (40) . These rates could also be obtained by using the standard basis with a single ingoing and two outgoing components [39] , but in this case the interference terms between the two modes of Fig.2a must be explicitly calculated [40] . Thus, the present approach using the basis with a single The influence of an increasing number of guided modes is investigated in Fig. 7 , where the emission rate has been evaluated as a function of the so called dimensionless photonic thicknesses d 2c/ω 0 = λ 0 /π, the contributions to the total emission rate due to horizontal and vertical dipoles become comparable and close to the bulk value n Si Γ 0 .
The above results, which follow from the mode decomposition based on a single outgoing component for radiative states (see previous Sec. II A), are in agreement with those shown in earlier works [18, 21, 22] and which have been obtained by using the standard set of radiative modes based on the triplets incident-reflected-transmitted waves.
We now apply our model to study the SE in an asymmetric dielectric waveguide, i.e., a waveguide with different refractive indices in the lower and upper claddings (both values being of course smaller than the core one). Due to the asymmetry, the condition for total internal reflection can be met for incidence angles beyond the limit one, and also partially radiative modes, which are evanescent in the lower index cladding, can thus be excited in such a structure. Figures 8 and 9 show the z dependence of the emission rates into guided and radiative modes, respectively, for an asymmetric waveguide made by a Silicon core the emission rate is thus sustained by radiative modes only (see the continuous thick line).
For d ≥ c/ω 0 = λ 0 /2π the emission is mainly due to guided modes, the contribution from TE polarized modes being larger. However, as a consequence of slab asymmetry leading to partially radiative modes, the contribution from radiative states is larger than in the symmetric waveguide case. substrate. The discontinuity of the normal component of the electric field at the high-indexcontrast interfaces of the slot gives rise to an increase of the LDoS, which in turn leads to an enhancement of SE rate into the waveguide modes.
In Fig. 13 Moreover, the calculated SE rates shown in Fig. 13 allow to interpret the experimental results reported in Ref. [34] for the enhancement in the photoluminescence from TM over TE polarized modes for a Slot waveguide containing Er 3+ ions in the oxide (slot) layer. The vertical structure is the one depicted in our Fig. 12 , with the same thickness parameters and the emission wavelength is 1.54 µm. In the experiment, the TM/TE intensity ratio for light emitted from the edge of the waveguide is between 6 and 7.5, with a slight dependence on the position of the excitation spot. From Fig. 13 , the calculated TM/TE ratio for a dipole embedded in the slot layer is around 7.8 (notice that the Γ TM emission rate is dominated by Γ TM ⊥ , as the TM electric field component in the xy plane has a very small amplitude in the slot layer). Thus, the agreement between the theoretical results for the slot waveguide obtained within our model and the measurements of Ref. [34] is quite satisfactory.
VI. CONCLUSIONS
We have presented a quantum electrodynamical formalism in order to analyze spontaneous emission in generic lossless and non-dispersive multilayer dielectric structures. A second quantized form for the electromagnetic field, which follows after its expansion into normal modes, has been set up and used to derive the local density of states and express the decay rate Γ as a function of the excited dipole position in the considered structure. The expressions derived have been used to study the spontaneous emission in Si-based waveguides of different geometries and with realistic parameters. The following conclusions summarize our results. (i) The standard basis of radiative states generally used in the description of the electromagnetic field modes in a dielectric structure, based on incident/reflected/transmitted waves, is not the most appropriate one in radiation emission analysis as it leads to a subtle interference between different outgoing components [40, 41] . By choosing a set of modes specified by a single outgoing radiative component, the total emission rate as well as the emission in the upper/lower claddings (more generally, the SE patterns) can be calculated in a simple way, without any interference issue. One basis can be transformed into the other after application of the Time-Reversal operation.
(ii) The evanescent component of partially radiative modes which arise in any asymmetric configuration, i.e. when the upper and lower claddings have different refractive indices, is relevant for the SE analysis, as it can be seen in the single interface as well as in more complicated asymmetric structures.
(iii) We have calculated and compared SE rates for symmetric (air/Si/air) and asymmetric (SiO 2 /Si/air) silicon waveguides and shown that, in the latter configuration, the lower index contrast leads to an increased emission into radiative modes. Such an effect is much more evident in a silicon Slot waveguide: in this configuration the discontinuity of the normal component of the electromagnetic field which develops at the high-index-contrast interfaces of the slot layer, results into an enhancement of the local density of states for TM polarized guided modes. As an example, we have analyzed the SE rate in a Si Slot waveguide with the same structure parameters used in Ref. [34] and found a very good agreement with the experimental evidence of the enhancement of the TM/TE photoluminescence. Thus, the model developed turns out to be a useful tool for the analysis of spontaneous emission processes in realistic structures such as SOI Slot waveguides. Further work will focus on analyzing more complex slot waveguides, as well as photonic crystal slab structures.
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Notice that E TM defined in Eqs. 
APPENDIX B: GUIDED MODES
The field amplitudes for TE-polarized guided modes [see Eqs. (13) and (14) in Sec. II A]
A j µ e iq j µ (z−z j −d j /2) + B j µ e −iq j µ (z−z j −d j /2) , z j < z < z j + d j = z j+1 B 0 µ e χ 0 µ (z−z 1 ) , z < z 1 (B1)
ik [A j µ e iq j µ (z−z j −d j /2) + B j µ e −iq j µ (z−z j −d j /2) ] , z j < z < z j + d j = z j+1 iB 0 µ k ẑ)e χ 0 µ (z−z 1 ) , z < z 1 (B2)
where the electric field is obtained from the relation E(r) = ic ωε(r) ∇ × H(r). As for TE-polarized modes, the M+2 coefficients in the above expressions are derived within the transfer-matrix theory together with normalization integral Eq. (3) which yields the condition:
